JSTOR is a not-for-profit service that helps scholars, researchers, and students discover, use, and build upon a wide range of content in a trusted digital archive. We use information technology and tools to increase productivity and facilitate new forms of scholarship. For more information about JSTOR, please contact support@jstor.org. A bstract. Pigments in soil organic matter layers of an oak forest, a spruce-cedar woodland, and a prairie have been identified and measured quantitatively. In all cases lutein was the dominant carotenoid accompanied by smaller amounts of ,-carotene. Pheophytin a was the most abundant chlorophyll derivative, with smaller amounts of pheophorbide a and chlorophyllide a commonly present in the L and F organic layers. Pigment ratios were examined and compared in all three humus types.
The relative abundance of both carotenoids and chlorophyll derivatives was measured by Gorham and Sanger (1967) in L (litter), F (fermentation), and H (humification) organic horizons of oak and pine woodland soils (Lutz and Chandler 1946) . Carotenoids accounted for progressively lesser proportions of total organic matter as fallen leaves decomposed on the forest floor, but chlorophyll derivatives reached maximum concentrations in the L2 horizon (lower, more finely divided part of the L horizon) of the humus layer, where they apparently decayed more slowly than the litter as a whole.
The study described here was initiated to ascertain the specific identity of pigments present in soil humus layers and to measure their levels quantitatively. These data are essential for accurate interpretation and assessment of the contribution of terrestrially derived pigments to lake and pond sediments. For purposes of comparison, soil-humus layers from three widely divergent plant communities were examined.
DESCRIPTION OF SITES
The oak woodland consists of a 20-acre tract in southern Isanti County, Minnesota, on the Cedar Creek Natural History Area. The parent material is glacio-fluvial sand, and the soil, classified as an alfic normipsamment, has a well-developed ochric epipedon and an argillic horizon. The dominant canopy species is Quercus ellipsoidalis, with a dense shrub synusia of Corylus americana. The more common elements of ground vegetation include Carex pennsylvanica, Pteridium aquilinum, and Vaccinium angustifolium.
The spruce-cedar woodland is part of a large area of mixed spruce and cedar dotted with numerous small bogs and fens in northeastern Minnesota. The soil is a spodosol and has been classified a typic haplorthod. The canopy is dominated by Picea glauca, with a dense subcanopy of Thuja occidentalis. Sparse elements of ground flora include Vaccinium angustifolium, Chimaphila umbellata, Pyrola secunda, Moneses uniflora, Cornus canadensis, and Carex sp. Ecology, Vol. 52, No. 6
The prairie site is located within the Pipestone National Monument in southwestern Minnesota. The vegetation is virgin prairie, dominated by Bouteloua gracilis, B. curtipendula, Koeleria cristata, A ndropogon gerardi, A. scoparius, Aster ericoides, Cirsium flodmanii, Symphoricarpos occidentalis, Astragalus caryocarpus, and Carex sp. The soil, a typic haploborall, has a well-developed mollic epipedon with a cambic horizon formed over silty Iowan till.
The separate horizons of the above three humus layers, although classified similarly in this study, are not strictly comparable. The oak humus layer has well-developed and easily definable L, F, and H horizons. The spruce-cedar humus has well-developed L and F horizons very similar to oak, but no H horizon. The prairie soil has an easily definable L horizon consisting of dried grasses and forbs and a lower more decomposed humic horizon that is easily separable from the upper level of the mollic epipedon. This lower horizon most closely resembles the F horizon of the oak and spruce-cedar woodland and has been classified as such for comparative purposes.
METHODS
The entire organic horizon was removed from a 0.25-m2 plot in each of the three plant communities. Where present, the L, F, and H horizons were separated in the field, and all samples were sealed in polyethylene bags.
In the laboratory the separated horizons were dried for about 1 hr in a forced-air oven at room temperature (20'C). Samples were ground very briefly in a Wiley mill through a No. 20 mesh screen to insure greater ease of pigment extraction. Subsamples for dry ash-free weight and pigment analysis were taken from each sample, and organic matter obtained by ashing at 550'C in a muffle furnace. Pigments were extracted by saturating the ground material with 90% aqueous acetone for 10-15 min. Repeated extractions were made until the extract was free from color. Further techniques of handling, paper chromatography, and calculation of results are identical to those described in Sanger (1968) . All values are based on the average of three trials.
RESULTS AND DISCUSSION
The concentrations of pigments from the organic soil horizons of the three plant communities are presented in Table 1 . In all cases the L horizons are the richest in both total chlorophyll derivatives and carotenoids, with pheophytin a, lutein, and ,-carotene as the major components. Pigment concentrations in the prairie soil humus are much lower than concentrations in the humus of the oak forest and spruce-cedar woodland. The prairie may provide a less favorable environment for pigment preservation, because the standing stems die back and are subject to decomposition for a long time before being incorporated into the humus layer, whereas in the forest there are greater opportunities for at least some leaves relatively rich in pigments to be rapidly incorporated at autumn leaf fall. Certainly prairie soils are not so well protected from frequent periods of wetting and drying, direct solar radiation, and extremes of temperature as are the woodland sites.
Pheophytin a is clearly the dominant chlorophyll derivative in soil humus layers. The L horizons of the spruce-cedar woodland and the oak forest ((L1 + L2)/2) are about equal in pheophytin a concentrations, with values more than four times that of the prairie L horizon. In the spruce-cedar woodland and the prairie humus layers pheophytin a accounts for nearly all the chlorophyll derivatives. Pheophorbide a and chlorophyllide a are present only in trace quantities. In the oak forest pheophytin a makes up about 91 % of the total chlorophyll derivative in the L((L1 + L2)/2) horizon, 74% in the F, and 93% in the H horizon.
Pheophytin a concentrations are higher in all three humus horizons of the oakwood organic layer than in falling autumn leaves (Table 2) . Concentrations for the oak LI are about 2.3 times the level in falling autumn leaves, for the L., 5.5 times, for the F 2.5 times, and for the H 1.4 times. This demonstrates that pheophytin a is much more resistant to decomposition in the soil humus layer than organic matter as a whole. Pheophytin a is also more resistant to decomposition than the carotenoids. Ratios of pheophytin a to total carotenoid are lowest in freshly fallen leaves and in undecomposed leaves lying on the forest floor, and the highest in the more decomposed material in the lower humus layers. Occasionally traces of pheophytin b are encountered, but it is not present in measurable quantities. This could be due to two factors. First, chlorophyll a is more rapidly converted to pheophytin a than chlorophyll b to pheophytin b (Willstaitter and Stoll, cited by Joslyn and Mackinney 1938). Perhaps the slowness of reaction of chlorophyll b to pheophytin b allows almost all of the chlorophyll b to be destroyed before pheophytin formation is able to preserve any of it. Second, because the levels of pheophytin a preserved are so very low in dried leaves compared to the original chlorophyll concentration, it is possible that levels of pheophytin b, even if it is preserved at a rate equal to that for pheophytin a, would be too low for detection of more than trace amounts by the methods employed. In the oak forest pheophorbide a and chlorophyllide a make up about 5% and 4% of the total chlorophyll derivatives, respectively, in the L(((L1 + L2 )/2) horizon, 14% and 11% in the F horizon, and 6% and 0% in the H horizon. All pigments investigated from the oak humus except chlorophyllide a and pheophorbide a were present in greatest concentration in the L2 layer (Table 1 ) .
Lutein is the dominant carotenoid, and it was the only xanthophyll detected in the three soil humus layers examined. Greatest concentrations are found in the L horizons, with the spruce-cedar woodland highest, followed closely by oak forest, and with prairie very low. Lutein concentrations in the L1 oak humus are just slightly less than the concentrations in falling oak leaves (mid-November) and leaves overwintering on the forest floor, but they are distinctly greater than concentrations in leaves overwintering on the tree (Table 2) .
Beta-carotene, the only other carotenoid component detected in soil humus, is present wherever pigments are found, though often in low concentrations. Like lutein, greatest concentrations are found in the L horizons, with the spruce-cedar woodland and oak forest about equal and the prairie distinctly lower. In the oak L1 horizon ,-carotene concentrations are lower than in falling leaves (Table 2) , slightly higher than in leaves overwintering on the ground, and distinctly higher than in leaves falling from the tree in spring.
The above data in general correspond to those of Gorham and Sanger (1967), with two minor exceptions. First, Gorham and Sanger found higher concentrations of hypophasic carotenoids (lutein) in dry leaves on the tree in the spring of 1965. Second, for the same year they noted that epiphasic carotenoids (,-carotene) were higher in leaves overwintering on the soil surface than in the L1. Differing weather conditions in the spring of 1967, when the values given here were recorded, may account for the discrepancies. It was demonstrated earlier (Sanger 1968 ) that carotenoids in general degrade quickly in late winter and early spring when warmer temperatures and frequent periods of wetting and drying are common. Unusually warm temperatures with frequent light rains and occasional snows were common during the spring of 1967, making conditions conducive to rapid pigment breakdown.
The presence of relatively large quantities of lutein, ,3-carotene, and pheophytin a in soil humus is not unexpected, since these are the three most abundant pigments in falling oak leaves, whether they drop in autumn or in spring. The presence of measurable amounts of pheophorbide a and chlorophyllide a is surprising, because these two components are (Sanger 1971) . No conclusive explanation can be given for the presence of these pigments, but three possibilities deserve mention. First, it is conceivable that these pigments are the product of chlorophyll degradation from any one of a number of uninvestigated trees, shrubs, or herbs that contribute organic matter to the soil. Second, pheophorbide a may form from pheophytin a in the soil itself rather than in organic matter before it reaches the soil. Last, many green leaves reach the forest floor during the summer as a result of wind and rain storms, and they could possibly be a source for both chlorophyllide a and pheophorbide a. The fate of pigments in these leaves remains uninvestigated, but the rate and manner of their pigment decay is undoubtedly strongly influenced by the microenvironment in which they become deposited. Whether they dry immediately and remain so for long periods, or whether they get quickly buried in the L layer where moist conditions prevail much of the time, will strongly influence the rate of pigment decay and the type of decomposition products formed. Experiments in this laboratory have shown that dry, green leaves retain their pigments undecomposed for an indefinite period if not exposed to moisture. Field situations, however, are extremely variable, and their investigation would constitute another study. All three of the soil-humus types showed essentially the same trends in the ratio of total chlorophyll derivatives to carotenoid (Table 3) . In all cases the ratio was lowest in the L horizon and increased with increasing depth in the humus layer. This demonstrates conclusively that under the aerobic conditions of the forest floor the carotenoids, both lutein and ,3-carotene, are less resistant to decomposition than pheophytin a, the dominant chlorophyll derivative in soils. This is contrary to the situation noted for autumn leaves, in which carotenoids aTe decomposed initially less rapidly than the chlorophylls (see also Gorham and Sanger 1967).
The ratio of ,-carotene to lutein in the oak humus layers is highest in the L horizons (0.30), dropping to 0.23 and 0.16 in the F and H horizons respectively (Table 3) . This is the trend expected from what has been observed of the lability of n-carotene compared to lutein (Sanger 1971 ). The opposite situation, however, occurs in the spruce-cedar woodland, with a slightly lower ratio in the L compared to the F layer. Prairie profiles have higher ratios than either the oak forest or the spruce-cedar woodland, with no apparent change in the ratio from the L to the F layer. The cause of these variations is unknown, although differing environmental conditions are probably involved. Pigment analyses on mixed collections of green leaves from both prairie and woodland habitats revealed negligible differences in the ratio of ,-carotene to lutein.
The fact that pheophytin a is better preserved than carotenoids in aerobic woodland soils may in part explain the high ratio of chlorophyll derivatives to total carotenoids in northeastern Minnesota lakes (Gorham and Sanger, unpublished data). Unlike the eutrophic lakes of southern Minnesota, which derive much of their organic matter from within the lake itself, these northeastern lakes are relatively oligotrophic and undoubtedly derive a good deal of sedimentary organic matter from terrestrial sources.
